Abstract Transverse momentum dependent parton distribution functions (TMDs) characterize the intrinsic momentum distribution of quarks inside the nucleon. However, they also encode final or initial state interactions of the processes in which they are measured, such as semi-inclusive deep inelastic scattering (SIDIS) or the Drell-Yan process (DY). Consequently certain TMDs are process-dependent and predicted to be equal but opposite in sign for SIDIS and DY. Extending our method on the lattice to non-local operators with U-shaped Wilson lines, we can study these naively time-reversal odd TMDs, in particular the Sivers-and the Boer-Mulders function. We express our results in terms of Fourier-transformed TMDs that appear naturally in the Fourier transformed cross section of, e.g., SIDIS, and in Bessel-weighted asymmetries. We discuss the method, its limitations and preliminary results from an exploratory calculation using lattices generated by the MILC and LHP collaborations.
Introduction
Processes such as Drell-Yan (DY) or in semi-inclusive deep inelastic scattering (SIDIS) can be used to study the intrinsic motion of quarks inside protons or neutrons, described by non-perturbative objects called transverse momentum dependent parton distribution functions (TMDs), see chapter 2 of [8] for a review. In SIDIS it is the measurement of a momentum P h of one of the produced hadrons that allows us to extract this information (see Fig. 1 and, e.g., Ref.
[5] for a review of SIDIS and its kinematics). Due to initial state interactions (in DY) or final state interactions (in SIDIS) [10] whose theoretical explanation is deeply connected to the principle of gauge invariance, the operator definition of TMD PDFs is to a certain extent process-dependent. This leads to the prediction that so-called naively time-reversal odd (T -odd) TMD PDFs differ in sign for SIDIS and DY [12] . The T -odd distributions at leading twist are thought to be responsible for large single-spin asymmetries observed in experiment, see, e.g., [1] . Here we address them using lattice QCD. In previous lattice studies of TMD PDFs [20, 26] , a simplified, "process-independent" operator geometry was chosen that does not strictly correspond to the definition of TMD PDFs appearing in the description of SIDIS or DY, and that does not feature T -odd TMD PDFs. Here we go beyond this simplification and show preliminary results obtained with a process-dependent operator geometry that may ultimately allow quantitative comparisons to experimental SIDIS or DY results. Before discussing the method and preliminary results of our calculations, we show that the distributions in Fourier space obtained on the lattice could also be accessed fairly directly in phenomenology and appear naturally, e.g., in the context of Bessel-weighted asymmetries [7] .
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Jefferson Lab, Newport News, USA E-mail: bmusch@jlab.org Fig. 1 Kinematics of the SIDIS process. The in-and out-going lepton momenta are l and l , respectively. The momentum transfer is q. The target nucleon carries momentum P and its transverse spin components are labelled S ⊥ . The momentum of the measured hadron P h has transverse components P h⊥ , which define an angle φ h with the lepton plane
The SIDIS Cross Section and Bessel-Weighted Asymmetries
To convert the convolutions of TMD PDFs and TMD FFs in the SIDIS cross section into products, one can perform a multipole expansion and a subsequent Fourier transform of the cross section with respect to the transverse components P h⊥ of the hadron momentum. In general, we can write a transverse momentum dependent coss section σ (| P h⊥ |, φ h ) in the form
whereσ (b T ) = ∞ n=−∞ e inφ bσ n (|b T |) is a two-dimensional multipole expansion of the cross section in Fourier space. The nth harmonic in φ h is accompanied by the nth Bessel function of the first kind J n . Rewriting the cross section of SIDIS (see, e.g., Ref.
[5]) in this form, we get (similar as in the work of Ref.
[21] but in polar coordinates)
where we have used the kinematic variables Q 2 ≡ −q 2 , M 2 = P 2 , x ≈ x B ≡ Q 2 /P · q, y = P · q/P · l, and z ≈ z h ≡ P · P h /P · q and assume M Q, | P h⊥ | z Q. The sum a runs over quark flavors a and e a is the corresponding electric charge of the quark. Note that there is only a finite number of multipoles in the SIDIS cross section; the Bessel function of highest order is J 3 . Here we show only two terms in the cross section and omit for now regularization parameters needed beyond tree level, see Ref. [7] and references therein for more details. The functionsf 
